INTRODUCTION
In the early 1990s, a widening of the electronic band gap due to quantum size effects and the existence of photoluminescence in the visible range of the electromagnetic spectrum (vis-PL) at room temperature has been discovered in (meso)porous and nanocrystalline silicon. [1] [2] [3] Since then, the research in this type of material has gained enormous attention. Cullis and Canham 4 have demonstrated that inclusions of nanocrystalline silicon (nc-Si) within the porous silicon matrix are responsible for the occurrence of vis-PL. In recent years, detailed investigations have proven a distinct dependence of the width of the band gap ⌬E and the PL on the silicon crystallite size. [5] [6] [7] [8] As for possible technical applications, it has been shown that photo-and electroluminescence in the visible can be obtained by building electrode structures that contain nc-Si. 9 Martínez-Duart and Martín-Palma 10 have reviewed the potential of using porous silicon in applications such as LEDs, photodetectors and solar cells.
A variety of methods have been employed to prepare nc-Si and Si nanoparticles. The most prominent of these methods include gas-phase based techniques, such as thermal evaporation of Si or SiO, laser induced and thermal pyrolysis of silane, or plasma enhanced chemical vapour deposition (PECVD). 5, 6, [11] [12] [13] [14] [15] [16] The formation of pure single crystalline silicon nanoparticles by microwave induced decomposition of silane in a low pressure flow reactor is reported. The morphology and crystal structure of the particles are characterized in situ by particle mass spectrometry (PMS) and ex situ by means of X-ray diffraction, high resolution transmission electron microscopy, electron energy loss spectroscopy, and infrared spectroscopy. The preparation method allows for the adjustment of the mean particle diameter in the range 6 nm Յ d PM Յ 11 nm by controlling the precursor concentration, gas pressure, and microwave power. Spectroscopic investigations reveal that the particles are single crystal silicon. The potential on n-or p-type doping is in progress.
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processes provide the advantage of a reduced risk of contaminations, e.g., those mediated by the contact with hot surfaces in hot-wall reactors. The particle morphology and the crystal structure depend sensitively on the details of the preparation, and one can produce amorphous, single crystal and even coated particles, which consist of a crystalline Si core surrounded by an amorphous oxide shell. The morphological and structural details are of significant importance, since they immediately affect the physical properties of the particles. For example, it has been shown that an amorphous oxide environment in the form of a matrix or a shell imposes a size dependent change of the lattice parameters on the crystalline Si nanoparticles. 16 Such stress induced modifications of the crystal structure and the chemical modification of the particle surface are considered responsible for changes in both the width of the band gap and the photoluminescence. 17 And, in Si quantum dots, Si/SiO 2 interfaces have been demonstrated to enhance the optical gain in light amplification applications significantly. 18 In the present paper, experiments on the synthesis of silicon nanoparticles in a microwave induced low pressure flow reactor are reported. In general, the experimental setup is scalable to industrial dimensions and, thus, provides the potential for mass production. Although similar preparation methods are already introduced in the literature, the obtained Si particles are usually embedded in either polysilane or silica matrices 3, 14, 15 and the methods provide no control of the particle size.
14, 15 Therefore, particular attention is paid to the influence of the precursor concentration, the gas pressure and the supplied microwave power on the particle.
EXPERIMENTAL DETAILS
Silicon nanoparticles were prepared by microwave induced electrical discharge dissociation of silane (SiH 4 ) in a low pressure flow reactor. The experimental setup is schematically depicted in Fig. 1 . The reactor consists mainly of a quartz glass flow tube into which the premixed reaction and dilution gases (SiH 4 , H 2 , Ar) are injected. The microwave energy is coupled into the gas flow forming a flamelike plasma torch. The plasma zone extends 2 cm in diameter and, depending on the gas velocity and the applied microwave power, has an axial length of 5 cm to 20 cm. The microwave generator is driven at a frequency of f mW ϭ 2.45 GHz and the maximum microwave power is P mW ϭ 2000 W. Within the experiments reported here, we have varied the microwave power in the range 300 W Յ P mW Յ 550 W. The total gas pressure was limited of 20 mbar Յ p Յ 50 mbar and the SiH 4 precursor concentration was varied in the range 1061 ppm Յ c(SiH 4 ) Յ 4068 ppm. The generated particles were separated from the exhaust gases by a molecular beam system and collected on a surface. Alternatively, filter sampling of particles was employed.
The particle size was measured in situ using a particle mass spectrometer (PMS). 19 Additional ex situ sizing has been carried out by means of BET gas adsorption. Assuming solid, spherical and monodisperse particles, the specific surface area j is related to the particle diameter d P according to d P (BET) ϭ 6000/(rj), where r denotes the particle density. For the structural characterization of the particles, X-ray diffraction (XRD) and high resolution transmission electron microscopy (HRTEM) have been employed. The XRD investigations have been conducted in conventional ⌰ Ϫ 2⌰ geometry using CuK ␣ radiation (l ϭ 0.15406 nm). For HRTEM, we have used a Philips Tecnai F20 microscope (200 kV, field emission gun) equipped with a Gatan image filter (GIF 2000) for electron energy loss spectroscopy (EELS). Fourier transform infrared (FTIR) spectra in the mid infrared range (MIR, wave number range 500 cm
) have been measured in a vacuum spectrometer utilizing a mercury cadmium telluride (MCT) detector.
RESULTS AND DISCUSSION

Particle Mass Spectrometry (PMS)
The size distribution of the Si particles produced in the microwave induced plasma flow has been measured by particle mass spectrometry (PMS). Examples showing the probability density function (PDF) of the particle size for various flow conditions are shown in Figs. 2 to 4. The parameter in Fig. 2 is the initial SiH 4 concentration varying from 2120 ppm to 4060 ppm. As expected, the mean particle diameter derived from a fit of a log-normal size distribution function 20 to the experimental data increases from d PM ϭ 7 nm to d PM ϭ 10 nm with increasing precursor concentration, and also the geometrical standard deviation becomes larger. The pressure effect, see Fig. 3 , is also significant. In this case, the broadening of the size PDF for p ϭ 30 mbar is obvious. In general, the mean particle sizes, as determined from PMS, are found to be in good agreement with the results of BET measurements.
The effect of the microwave power coupled into the plasma flow on the particle size distribution function is illustrated in Fig. 4 . With increasing power, the mean size of the Si particles decreases. This might be surprising at the first glance, since higher microwave power means higher plasma temperature, which in turn should result in a more effective electrical discharge dissociation of the SiH 4 . However, such 2 . Influence of the precursor concentration of silane, c(SiH 4 ), on the particle size distribution, as determined by particle mass spectrometry. The microwave power and total gas pressure are P mW ϭ 550 W and p ϭ 20 mbar, respectively. The insert shows the resulting mean particle size d PM as a function of c(SiH 4 ). high power also leads to an increased charging of both the gaseous species and the particles and, thereby, to increased repulsive forces between the primary particles, whose collisional growth is thereby reduced. Apparently, a combination of both effects results in a favoured formation of very small particles.
X-Ray Diffraction (XRD)
In Fig. 5 , an XRD pattern of particles prepared at conditions p ϭ 50 mbar, c(SiH 4 ) ϭ 1000 ppm and P mW ϭ 300 W is shown. From BET measurements, the particle size was determined to be d P (BET) Х 5 nm. Except for the peaks arising from the aluminium substrate, all occurring Bragg peaks are attributed to elementary silicon. After calibrating the pattern with respect to the known positions of the Al
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Bragg peaks, the lattice constant of the Si nanoparticles is determined to be a ϭ 0.5429 nm, which is slightly smaller than the value for bulk Si. From the widths of the (111), (200) and (311) peaks, a mean crystallite size of d cryst Х 6 nm is estimated using the Scherrer formula. 21 This is in reasonable agreement with the BET result and, thus, indicates that the Si nanoparticles are single crystalline.
High Resolution Transmission
Electron Microscopy (HRTEM) Figure 6 shows an example of a HRTEM image of Si nanoparticles taken from the same batch with d P (BET) ϭ 5 nm of which the XRD pattern was presented in Fig. 5 . Here, Fig. 3 . Influence of the total gas pressure, p, on the particle size distribution, as determined by particle mass spectrometry. The precursor concentration of silane and the microwave power are c(SiH 4 ) ϭ 2123 ppm and P mW ϭ 500 W, respectively. The insert shows the resulting mean particle size d PM as a function of p.
Fig. 4.
Influence of the microwave power, P mW, on the particle size distribution, as determined by particle mass spectrometry. The precursor concentration of silane and the total gas pressure are c(SiH 4 ) ϭ 1061 ppm and p ϭ 20 mbar, respectively. The insert shows the resulting mean particle size d PM as a function of P mW . the particles were deposited onto amorphous carbon film (ϳ10 nm) supported by a Cu grid. In order to deposit the particles onto the TEM grid, the particle powder was dispersed in ethanol with the aid of sonification, and the TEM grid was then dipped into the dispersion and subsequently dried. The coverage of the carbon film was very low, and as a consequence, electron diffraction did not yield any valuable results. Due to the small atomic mass of Si, the (amplitude) contrast of the nanoparticles against the background of the carbon carrier film is poor. However, the phase contrast arising from the (111) were measured, which are all somewhat smaller than the respective lattice spacings in bulk Si. This is in general agreement with the results obtained from the XRD investigations, although these HRTEM measurements are less precise, since they are uncalibrated. However, such deviations from the bulk lattice constants are typical for nanoparticles and depend crucially on their environment. 16, 22 As determined from HRTEM images, the particle sizes are d P ϭ 5 to 7 nm and, thus, again in agreement with the BET results. All observed particles were found to be single crystalline. Intra-particle twinning or polycrystalline particles were not observed.
Electron Energy Loss Spectroscopy (EELS)
In order to examine the possible surface oxidation of the Si nanoparticles, EELS measurements were conducted. The electron energy loss spectrum was measured within a circular area with a diameter of 180 nm on the TEM grid. The area studied contains about 20 particles (due to the low contrast, no image is shown here). In Fig. 7 , the resulting EEL spectrum (topmost solid line) of the as-deposited particles is presented. The intensity is plotted as function of the energy loss ⌬E in the vicinity of the Si K-edge (⌬E ϭ 99 eV). Due to the small number of Si nanoparticles within the investigated area, some noise is superimposed to the signal. The second spectrum displayed in Fig. 7 was obtained under identical condition, but the sample has been previously exposed to an oxygen plasma for t ϭ 10 s. For comparison, two reference EEL spectra for pure Si and SiO 2 23 are also shown. The spectrum obtained from the asdeposited sample differs significantly from the spectrum of the plasma treated sample. Whereas in the first case, the EEL signal rises at the onset of the edge and increases to a broad maximum before decreasing again with increasing ⌬E, the plasma treated sample displays a sharp cusp and two subsequent pronounced minima toward larger energy losses. From a comparison with the Si and SiO 2 reference data, it is obvious that the as-deposited nanoparticles are predominantly pure Si, whereas the plasma treatment results in a thorough oxidation of the particles to SiO 2 . Together, with the structural results obtained from the HRTEM investigations, the EELS data show that the produced particles are Si. The existence of an (amorphous) surface oxide layer, which is often observed in gas-phase prepared Si nanoparticles, cannot be excluded.
Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectrum of Si nanoparticles with d P (BET) ϭ 5 nm is shown in Fig. 8 (same sample as in Figs. 5 to 7). A variety of more or less pronounced absorption bands (i.e., minima in the transmittance signal) can be seen from the spectrum. These absorption bands can be assorted in three groups. The bands located at wave numbers k ϭ 1625 cm Ϫ1 and k ϭ 942 cm Ϫ1 (labelled with solid squares) are attributed to O-H and Si-OH vibrations in surfacebound hydroxyl groups, respectively. The absorption bands at wave numbers k ϭ 2248 cm Ϫ1 , k ϭ 1071 cm Ϫ1 , k ϭ 981 cm Ϫ1 and k ϭ 464 cm Ϫ1 (labelled with half-filled circles) indicate a (partial) surface oxidation of the Si nanoparticles. 24 This is somewhat striking in case of the absorption band at k ϭ 2248 cm Ϫ1 , which represents a Si-H vibration. However, in previous investigations, 12, 25 this band had been attributed to a Si-H vibration, where the Si atom is bound via an O atom to the Si surface (H-Si-OSi bulk ). Thus, like the three other absorption bands of this group, it provides evidence for a certain surface oxidation of the Si particles. The IR-absorption bands at k ϭ 1071 cm Ϫ1 and k ϭ 981 cm Ϫ1 are strongly shifted toward lower wave numbers, as compared to the LO and TO modes of amorphous SiO 2 , which are located at 1250 cm Ϫ1 (LO) and 1090 cm Ϫ1 (TO). There are two possible explanations for this effect. First, it may originate from a confinement effect in ultrathin films (t Ͻ 5 nm), 26 and second, it may be due to an understoichiometric oxidation of silicon (SiO x , with x Ͻ 2). 27 Since the magnitude of the observed shifts is far larger than what can be expected from reducing the oxide layer thickness, 26 the red shifts are attributed to an understoichiometric oxidation. Finally, the bands at k ϭ 2142 cm
Ϫ1
, k ϭ 873 cm Ϫ1 and k ϭ 663 cm Ϫ1 (labelled with solid circles) represent Si-H vibrations at the Si surface 28 and, thus, show that the particles are partially covered with hydrogen. This provides further confirmation for chemically bound H atoms on the surface of the Si nanoparticles. From the fact that the intensities of the Si-H bands at k ϭ 2142 cm Ϫ1 and at k ϭ 873 cm Ϫ1 are considerably large with respect to the Si-O bands at k ϭ 1071 cm Ϫ1 and at k ϭ 986 cm Ϫ1 (which exhibit high oscillatory strengths), it is deduced that the particle surfaces are only partially oxidized, most probably due to contact with air after the microwave preparation procedure. This is in good agreement with the EEL spectra of these particles, which also showed a predominant signature of Si rather than of SiO 2 (cf. Fig. 7 ).
CONCLUSION
The preparation of high purity Si nanoparticles by means of microwave induced electrical discharge dissociation of silane (SiH 4 ) in a low pressure flow reactor is reported.
Varying the precursor concentration, the pressure or the microwave power, the mean particle size can be adjusted in the range 6 nm Յ d P Յ 11 nm. Structural investigations utilizing XRD and HRTEM show that the particles are single crystalline. EELS and FTIR measurements provide evidence that the volume of the particles is pure silicon. The particle surface is both partially covered with an ultrathin amorphous SiO x layer (x Յ 2) and partially hydrolyzed. However, since all structural and chemical investigations were conducted ex situ, the observed surface oxidation may well occur only after exposing the particles to ambient air.
Very recent experiments have shown that the employed preparation method allows for p-type doping of the Si nanoparticles with boron by using di-boran (B 2 H 6 ) as additional precursor material. 29 According investigations for n-type doping with phosphor are currently in progress. 
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